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To elucidate the pathophysiologic changes in the kidney due
to aging, we used physiological, morphometric, and imaging
techniques to quantify GFR and its determinants in a
group of 24 older (X55 years) compared to 33 younger
(p45 years) living donors. Mathematical modeling was used
to estimate the glomerular filtration coefficients for the
whole kidney (Kf) and for single nephrons (SNKf), as well as
the number of filtering glomeruli (NFG). Compared to younger
donors, older donors had a modest (15%) but significant
depression of pre-donation GFR. Mean whole-kidney Kf,
renocortical volume, and derived NFG were also significantly
decreased in older donors. In contrast, glomerular structure
and SNKf were not different in older and younger donors.
Derived NFG in the bottom quartile of older donors was less
than 27% of median-derived NFG in the two kidneys of
younger donors. Nevertheless, the remaining kidney of older
donors exhibited adaptive hyperfiltration and renocortical
hypertrophy post-donation, comparable to that of younger
donors. Thus, our study found the decline of GFR in older
donors is due to a reduction in Kf attributable to
glomerulopenia. We recommend careful monitoring for
and control of post-donation comorbidities that could
exacerbate glomerular loss.
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The median waiting time for patients awaiting kidney
transplantation now exceeds 5 years.1 One consequence of
the organ deficit has been an increasing use over the past
decade of living donors in or beyond their seventh decade. It
is known that the relationship between survival of a kidney
allograft and donor age is inverse.1 However, what is not yet
known is whether the long-term survival of the remaining
kidney in such older donors is similarly compromised by a
halving of the effective number of glomeruli.
In an attempt to address this issue, we have initiated a
long-term longitudinal study of the remaining kidney after
living transplant donation by older individuals. This report
deals with early observations before donation, and in the first
year after kidney donation. These studies were designed to
elucidate in carefully screened living donors the effects of
aging on glomerular function and number. We then studied
subsequent effects of aging on the magnitude and mechanism
of adaptive hyperfiltration in response to the uninephric
condition.
RESULTS
Glomerular function before donation
Because of the reluctance of our transplant team to accept
living donors aged 460 years, the age range of our older
group was narrow (55–68 years). The younger group ranged
from 23 to 45 years. Albuminuria was undetectable
(o0.2mg/dl) in seven younger and nine older donors.
Corresponding median values of the urinary albumin-to-
creatinine ratio were 3.9 and 6.9mg/g, respectively (Table 1).
Glomerular flows and pressures before donation are sum-
marized in Table 1. The pre-donation glomerular filtration
rate (GFR) in the older group was lower than the younger
group by 15% (Po0.005, Table 1). Renal plasma flow in the
older group was depressed in proportion to GFR (Po0.005),
and hence the mean filtration fraction was similar in both
groups (Table 1). Although afferent oncotic pressure was also
similar in each group, the mean arterial pressure was
modestly elevated by 8mmHg in the older group (Po0.05,
Table 1). We first assumed that none of this increment was
transmitted into glomerular capillaries, and that the value for
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DP in each group was 40mmHg, our best estimation for the
healthy human kidney.2 We subjected the above values to
analysis with a mathematical model of glomerular ultrafil-
tration.2 This yielded a 20% depression of Kf in the older
group (Po0.05, Table 1). To allow for the possibility that up
to 40% of the excess arterial pressure was transmitted into
aging glomerular capillaries, we also computed Kf using an
assumed value of DP¼ 43mmHg to get a lower bound for Kf
in the older group. This yielded a 38% depression below
younger values (Po0.005, Table 1).
Glomerular morphology
The morphometric analysis of glomeruli was limited to the
first 34 subjects in the study, with 19 in the older and 15 in
the younger group. There were no obvious glomerular
alterations to suggest that the Kf depression in our older
subjects was a result of a sclerosing glomerulopathy.
Specifically, the prevalence of global sclerosis was trivial
(Figure 1). Out of 15 younger donors, 11 showed no
glomerulosclerosis, and the prevalence in the remaining 4 was
only 4–5%. Out of 19 older donors, 9 also had no
demonstrable glomerulosclerosis. In the remaining 10 older
subjects, the prevalence of glomerulosclerosis was low
(3–12%). There was also no clear evidence of a compensatory
hypertrophic response to glomerulopenia in the older group,
as judged by a similar glomerular volume to that of the
younger group (Table 2). The fractional interstitial expansion
in older donors, another indirect marker of glomerulopenia,
was also not significant (Table 2). The only morphometric
determination that differed among older and younger donors
was a lower basement membrane thickness in the former
(Po0.05, Table 2). This phenomenon was insufficient to
significantly enhance hydraulic permeability or single-ne-
phron Kf (Table 2). Thus, no finding at the individual
glomerular level explained the low two-kidney Kf in older
donors.
Glomerular number
That glomerulopenia may nevertheless account for lower
whole-kidney Kf was suggested by our computation of the
number of functioning glomeruli (NFG) (Figure 2). The
analysis of glomerular numbers was limited to the subset
described above with completed morphometric analysis, and
hence had a computed SNKf. NFG was calculated from whole-
kidney Kf/SNKf as described in the Materials and Methods
section. Although the median-derived NFG was 8.21 105 per
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Figure 1 |Prevalence of glomerulosclerosis in older (X55
years; triangles) versus younger (p45 years; open circles)
donors.
Table 2 | Glomerular structure
Younger donors
p45 years
(n=15)
Older donors
X55 years
(n=19)
Glomerular volume (m3 106) 2.82±0.71 2.63±0.86
Filtration surface area (m2 105) 3.16±0.87 2.95±0.75
Basement membrane thickness (nm) 392±60 331±44*
Filtration slit frequency per mm 1633±194 1635±154
Hydraulic permeability (nm/s/Pa) 2.60±0.29 2.69±0.25
SNKf (nl/(min/mmHg)) 9.3±2.8 9.1±2.9
Fractional interstitial area (%) 11.3±2.6 13.1±3.4
*Po0.05.
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Figure 2 | Estimated number of functioning glomeruli in older
(X55 years) versus younger (p45 years) kidney donors (left).
Estimation of NFG in older donors was calculated assuming that
DP¼ 40mmHg (middle) or DP¼ 43mmHg (right).
Table 1 | Glomerular function
Younger donors
p45 years
(n=33)
Older donors
X55 years
(n=24)
Age (years) 34±7 58±4
Alb/Cr (mg/g) median (range) 3.9 (ND-15.5) 6.9 (ND-15.6)
GFR (ml/min per 1.73m2) 108±18 92±17*
Renal plasma flow (ml/min per 1.73m2) 541±113 450±104*
Filtration fraction 0.20±0.03 0.21±0.03
Mean arterial pressure (mmHg) 89±9 97±12w
Plasma oncotic pressure, pA (mmHg) 26.4±2.7 26.4±2.0
Kf
a (ml/(min/mmHg)) 11.3±4.5 9.4±2.8 to
7.1±1.7*
Abbreviations: Alb, albumin; Cr, creatinine; GFR, glomerular filtration rate; ND, not
detectable.
aDP=40mmHg, youthful and 40–43mmHg, aging.
*Po0.005; wPo0.05.
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kidney in younger donors, the corresponding estimates in
older donors were significantly lower (Po0.005, Figure 2):
4.42 105 (using DP¼ 43mmHg) and 5.76 105 (using
DP¼ 40mmHg). The latter, more conservative estimate
of median NFG per kidney in older donors was remarkably
similar to that reported at autopsy by Nyengaard and
Bendsten3 in subjects aged 455 years with no known
kidney disease.3 Our computed value for median-derived
NFG per kidney in younger donors was also similar to those
reported among persons o55 years of age in the autopsy
study.3
The box plots in Figure 2 show that at our upper bound of
derived NFG (DP¼ 40mmHg), the older subjects in the
lower quartile were estimated to haveo4.42 105 glomeruli
per kidney. This value is nearly a quarter of our estimated
median number of 16.4 105 in the two kidneys of our
younger subjects. The NFG estimate for the bottom quartile of
older donors would have been even lower (o3.56 105
glomeruli per kidney) should DP¼ 43mmHg have been
used in the calculations.
Serial study of donors
A longitudinal follow-up study was performed 6 months after
donation in a subset of 28 donors. The main purpose of the
follow-up study was to elucidate the extent and potential
mechanism of adaptive hyperfiltration, a phenomenon that
should have reached its maximum at 6 months after
uninephrectomy.4–10 We tested the hypothesis that compen-
satory hypertrophy of glomeruli, with enhancement of
filtration surface area, could account for adaptive hyperfil-
tration by increasing Kf. As biopsy of a single kidney is
contraindicated, precluding estimation of glomerular Kf, we
developed a novel method to selectively determine the
volume of the renal cortex, in which all glomeruli reside, as
a surrogate for glomerular volume. One-kidney GFR in the
younger group increased from a pre-donation value (GFR/2)
of 58±6 to a post-donation value of 84±16ml/min
(Po0.001), that is, a mean increase of 45% (Table 3). The
corresponding increase of 44% in the older group was of
similar magnitude. Each of the GFR values from older donors
was substantially lower than corresponding levels from
younger donors (Table 3). We assumed a constant DP of
40mmHg in younger and of 40–43mmHg in older subjects
to allow for an 8–9mmHg excess above younger levels of
mean arterial pressure in the latter, both before and after
donation. A computed mean increase in Kf by 46 and
40–41%, respectively, can then be invoked to account for the
observed elevation of GFR (Table 3). Cortical volume in the
younger group increased from 118±26 to 159±35 cm3, a
mean increase of 35%. A similar increase in cortical volume
from 91±13 to 120±22 cm3 (31%) points to a major
contribution by enhanced filtration surface area to the
observed increase in GFR in each group. This is supported
by the direct correlation between one-kidney GFR and
cortical volume, both before (R2¼ 0.62) and after donation
(R2¼ 0.60, Figure 3). The finding that cortical volume was
significantly smaller in older compared with younger donors
both before and after donation (Table 3) provides independent
Table 3 |Magnitude of adaptive hyperfiltration and compensatory hypertrophy
Younger donors (p45 years) Older donors (X55 years)
Before After Before After
MAP (mmHg) 88±11 85±10 96±13 94±12z
Alb/Cr (mg/g) median (range) 3.2 (ND-11.0) 17.1 (ND-31.5) 7.7 (ND-15.6) 4.9 (ND-8.7)
one-kidney GFR (ml/min per 1.73m2)a 58±6 84±16y 45±7z 65±16yz
one-kidney Kf 40 (ml/(min/mmHg)) 6.8±2.7 9.9±3.6
y 4.9±1.5z 6.4±2.0yz
one-kidney Kf 43 (ml/(min/mmHg)) — — 3.6±0.8
z 4.9±1.5yz
Renocortical volume (cm3) 118±26 159±32y 91±13z 120±22yz
Abbreviations: GFR, glomerular filtration rate; MAP, mean arterial pressure; ND, not detectable.
aPre-donation GFR/2 is one-kidney GFR.
zPo0.05 vs corresponding youthful; y Po0.05 vs before donation.
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Figure 3 | Single-kidney glomerular filtration rate (GFR) versus cortical volume in kidney donors before (left panel) and after
donation (right panel). The open circles are younger and the triangles are older kidney donors.
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support for the veracity of our computation of lower derived
NFG in older donors.
DISCUSSION
Living donors are among the healthiest members of the
general population, and cross-sectional studies on their long-
term safety outcome and well being11 have been reassuring.
Among living donors the largest increase over the past decade
has been in those in their sixth and seventh decades.1
Whether the contralateral kidney will perform adequately
over the long term in these older individuals is, as yet,
unknown. The inverse relationship between living donor age
and the 5-year allograft survival suggests that such limitation
of allograft survival could be a consequence of the renal aging
in the donor.1 By examining GFR and its determinants, and
renal cortical volume before and after kidney donation, along
with detailed morphometry in older living donors, we have
described the early changes associated with aging in the
human kidney and its capacity for compensatory changes.
The best overall measurement of kidney function is the
GFR, which has been shown by the ‘gold standard’ technique
of insulin clearance to decline by 20–25% beyond the fifth
decade.12–15 Structural abnormalities with an ensuing decline
in glomerular ultrafiltration capacity are a likely basis for a
declining GFR with advancing age.2,13 Autopsy studies of
subjects without kidney disease have shown a reduction in
kidney weight and volume by approximately one-third
between the fifth and ninth decades.15 An associated loss of
vascular mass results in glomerular tuft collapse and
obsolescence.16 A pathological hallmark of this obliterative
microvasculopathy of aging is a high prevalence of glomer-
ulosclerosis that increases linearly after the fifth decade, and
is prevalent in the outer layers of the cortex.15,16 Global
sclerosis and age are in turn related linearly to both the
volume of the interstitium17 and to intrarenal arterial
pathology.18
That local avascularity could be accompanied by complete
resorption of obsolescent glomeruli is consistent with the
findings of Nyengaard and Bendtsen.3 They used direct and
unbiased stereological methods to measure the number of
glomeruli of subjects at autopsy who had normal kidney
function and otherwise normal kidney structure. Subjects
455 years had a lower mean number of glomeruli per kidney
than those o55 years old, 560 103 versus 695 103,
respectively (Po0.001). Thus, glomerulopenia, whether
manifested as global sclerosis or resorption of glomeruli, is
of sufficient magnitude to explain much of the observed GFR
reduction with advancing age.
Each subject in this study underwent a careful evaluation
before kidney donation, resulting in the selection of donors
with an adequate GFR and normal glomerular structure.
Older donors showed several subtle but highly significant
differences from their younger counterparts. These included
mean depression of GFR by 15%, of renal plasma flow by
17% (Table 1), of cortical volume by 23% (Table 3), and of
the median-derived NFG by 31 to 46% (Figure 2). As
described above, these changes are typical of the aging kidney.
The age range of those ultimately selected was 56–64 years,
and represents only the first decade of the renal aging process.
In keeping with early aging, only half of our older subjects
showed global sclerosis, which was of modest incidence
(4–12%, Figure 1).
Additional evidence consistent with subtle and early aging
in our older donors is provided by the capacity of the
remaining kidney to show adaptive hyperfiltration and
compensatory hypertrophy, comparable in magnitude to
that showed by our younger donors (Table 3). Our findings
are similar to studies that have used a true filtration marker
to show that GFR in the remaining kidney of younger living
donors increases by 30 to 40%, on average, above the
corresponding baseline value.4–10 Only a single previous
study by Velosa et al.10 compared adaptive hyperfiltration
after nephrectomy in ‘old donors’ (51–69 years) with that in
young donors (20–35 years). They observed modest impair-
ment in the ‘old donors’; GFR in the remaining kidney
increased by 26% versus an increase of 35% in young donors.
Failure to provide data separately for those in the seventh
decade makes it difficult to decide whether the response
becomes increasingly blunted with advancing age, rendering
older subjects at risk of accelerated age-related injury. We
interpret the association in our older group of cortical
compensatory hypertrophy of similar magnitude in older and
younger groups (Table 3) as indirect evidence that propor-
tionate glomerular hypertrophy elevates filtration surface
area, and hence Kf, to largely account for the comparable
increase in GFR in our two groups.
The incidence of global sclerosis in older subjects is
strongly related to atherosclerosis in both the renal and
extrarenal circulations.19 The combination of a high
prevalence of global sclerosis and extensive interstitial fibrosis
with renal athero- and arteriolosclerosis is typical of the
second most common cause of end-stage renal disease
(ESRD), namely hypertensive nephrosclerosis, whether a
consequence of primary or secondary hypertension.20–22
Thus, the phenomenon of renal aging seems to be associated
with two broad categories of kidney injury. The first is
modest and associated with up to 25% reduction in
GFR. The second is a renovasculopathic variety, usually
associated with hypertension, and can lead to overt renal
insufficiency.
We have recently shown that the more severe renovasculo-
pathic variety of renal aging was prevalent in a group of older
deceased donors.2 Their ages spanned 55–72 years and a
majority had hypertension without overt kidney injury or
other end-organ damage.2 They were compared with younger
deceased donors who were normotensive. We observed that
at the time of optimal allograft function, the recipients of
deceased, older, and hypertensive donors showed depression
of GFR by 32%. This was exclusively attributable to a
corresponding depression of mean-derived NFG by 58%
below control value. The glomerulopenia could not be
accounted for by a 17% prevalence of glomerulosclerosis, and
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presumably reflects extensive glomerular resorption. We
concluded that the marked reduction in glomerular number
in such donors could account for the shortened survival of
allografts from deceased donors with ‘expanded’ criteria. For
example, the bottom quartile of derived NFG in these older,
hypertensive, and deceased donors was below 250,000 per
kidney. This represented o15% of the mean number of
glomeruli in the two kidneys of the younger, deceased donor
control group (17.0 105), and was associated with enlarged
glomeruli even before implantation into the recipient.
Glomerulopenia of this magnitude in the rat leads to a
‘remnant kidney phenomenon’, a sclerosing glomerulopathy
that results in ESRD.23,24 We speculated that a similar
phenomenon in glomerulopenic humans could explain the
limited survival of allografts from our ‘expanded’ criteria
donors.
In keeping with the milder variety of age-related kidney
injury of the present study, glomerulopenia was less marked
than in the aforementioned older deceased donors, and
compensatory enlargement of the remaining glomeruli could
not be documented (Table 2). The median-derived NFG
ranged from 4.4 to 5.8 105 in the older group (depending
on the value of assumed DP). Thus, the derived pre-Tx two-
kidney NFG of 0.9–1.2 106 was not sufficient to cause
glomerulomegaly, a finding that is in agreement with the
autopsy literature.3,25 We wish to emphasize that our estimate
of glomerular number from Kf/SNKf is limited by the need to
assume some of the determinants of GFR and SNKf. Thus,
the resulting estimate of NFG should be regarded as an
approximation only (see Materials and Methods).2 It is
reassuring to note, however, that the derived NFG in both
younger and older living donor groups is in the same
qgeneral range as that observed at autopsy in subjects of
corresponding age, and who were known to have normal
kidney function.3 It could be that slow loss of obsolescent
glomeruli over decades is not as powerful a stimulus to
compensatory hypertrophy as that observed in our older
subjects in the wake of uninephrectomy at donation. In
contrast to our previous study in older deceased donors, in
which the majority of older subjects showed a profound
depression of derived NFG, only the bottom quartile in the
living donor population had a derived NFG low enough to
raise concern that a remnant kidney phenomenon could
eventuate.
A recent analysis of follow-up of up to 40 years of a large
cohort of living donors reported no increase in the risk of
ESRD above background in an age-matched, binephric
NHANES (National Health and Nutrition Examination
Survey) study population.11 This is consistent with an earlier
follow-up of similar duration (440 years) of soldiers who
lost a kidney because of military trauma.26 However, in both
studies virtually all the subjects were younger (o55 years) at
the time of uninephrectomy. Whether the remnant kidney
phenomenon could apply to older kidney donors is not
known. However, given the relaxation of criteria for living
donation to include both those who are older and
increasingly also hypertensive, the potential for a remnant
kidney phenomenon should be carefully considered.
The threshold for which a remnant kidney phenomenon
manifests in humans is not well delineated, but recent reports
dealing with renal cell carcinoma, which is common above
60 years of age, provide some insight. Approximately 5–10%
of patients undergoing radical uninephrectomy to remove
the carcinoma were reported to develop renal insufficiency,
which in some cases progressed to ESRD.27,28 Risk factors
predisposing to progressive kidney failure included older age,
hypertension, diabetes, and renovascular disease, suggesting a
background of senescence and vasculopathy. That progressive
injury could be akin to the remnant kidney phenomenon in
older subjects with age-related glomerulopenia is supported
by two recent small, but highly informative studies.29,30
Together, they described 21 individuals who developed a
recurrent renal cell carcinoma in the remaining kidney after
undergoing uninephrectomy for the original tumor several
years previously. Tissue beyond the tumor obtained at the
time of partial nephrectomy was studied histologically. It
revealed glomerular hypertrophy,29 a response to the initial
nephrectomy, and focal and segmental glomerulosclerosis,30 a
pathological hallmark of the remnant kidney phenomenon.
Progressive azotemia in 6 of the 21 patients progressed to
ESRD in two instances. Advanced age, higher levels of
proteinuria, and the aforementioned glomerulomegaly and
focal and segmental glomerulosclerosis were identified as risk
factors for progression.29,30 The fact that 450% of kidney
mass was removed (uniþ partial nephrectomy) distinguishes
the eventual course of these subjects from transplant donors,
in whom only 50% of kidney mass is removed. We wish to
emphasize the difference in our findings among older living
donors and older deceased donors.2 The degree of glomer-
ulopenia estimated to be present in the older deceased donors
was significantly greater than that estimated in older living
donors, and glomerular hypertrophy, present in the older
deceased donors, was not found in older living donors. Thus,
the potential for a remnant kidney phenomenon seems to be
far less in carefully screened older living donors. Whether a
fraction of older donors will eventually suffer consequences
including progressive chronic kidney disease, especially with
other concurrent conditions such as hypertension, is
unknown.
We conclude that after uninephrectomy, a majority of
living donors in their sixth and seventh decades have
estimated glomerular numbers above the range considered
to place them at risk for the development of a remnant
kidney phenomenon and progressive chronic kidney disease.
However, superimposed development of hypertension, in a
subset of older donors,31,32 could transform early renal aging
into a severe and progressive renovasculopathy with features
of hypertensive nephrosclerosis. We accordingly recommend
careful monitoring for, and rigorous control of, postdonation
hypertension to minimize the potential for a further loss of
glomeruli and superimposed vascular changes that might
contribute to progression of chronic kidney disease.
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MATERIALS AND METHODS
Study population
A total of 57 living kidney donors were recruited into a longitudinal
study immediately before transplantation. The older group (age
X55 years; N¼ 24) comprised 13 women and 11 men. The
corresponding gender distribution in the younger group (age p45
years; N¼ 33) was 17 and 16, respectively. All patients were carefully
screened to exclude hypertension, diabetes, and other kidney
diseases. Exclusion criteria included known hypertension treated
with an antihypertensive agent, mean 24-h blood pressure of4140/
90mmHg, abnormal glucose tolerance test, body mass index of
430 kg/m2, proteinuria, and a creatinine clearance of o80ml/min
per 1.73m2 (ref. 33).
Physiologic evaluation of GFR and its determinants
GFR and its determinants were evaluated immediately before
donation. A subset of 28 (N¼ 15 older and 13 younger) were
evaluated again 6 months after donation. GFR and renal plasma flow
were measured from the urinary clearance of cold iothalamate and
para-aminohippuric acid, respectively.2 Renal plasma flow was
corrected for an assumed para-aminohippuric acid extraction ratio
of 0.9, as described elsewhere.34 Mean arterial pressure was
determined by Dynamap, oncotic pressure by membrane osmo-
metry,35 and urinary albumin by nephelometry. We computed the
whole-kidney ultrafiltration coefficient (Kf) from GFR and its
hemodynamic determinants using a previously described2 modifica-
tion of the mathematical model of glomerular ultrafiltration of
Deen et al.2,36
Evaluation of renocortical volumes
We performed noninvasive angiography to determine cortical
volume(s), both before and after transplant in 28 donors who
underwent serial physiological study. We first used an ultrafast
gadolinium-enhanced magnetic resonance imaging technique.
Because of concerns about gadolinium toxicity,37 we modified the
technique using a spiral computed tomography scan with contrast.
Both use a three-dimensional strategy. An automated three-
dimensional computation of cortical volumes was performed with
a thresholding algorithm based on the Cavallieri method.38,39 We
also compared magnetic resonance angiography with computed
tomography angiography and showed in six donors that cortical
volume is within 7 cm3 with each technique, allowing the finding
with either technique to be used interchangeably. Cortical volume at
6 months after nephrectomy was compared with the corresponding
pre-nephrectomy values. Specifically, the capacity of the cortex in
the older kidney to undergo compensatory hypertrophy was related
to the extent of adaptive hyperfiltration. We used the increase in
cortical volume as a surrogate for glomerular volume in an effort to
define the role of Kf in adaptive hyperfiltration.
Morphometric evaluation of glomeruli
A wedge biopsy (415mm in length) was taken from the outer
cortex of each donated kidney immediately before transplant and
fixed in a paraformaldehyde/gluteraldehyde solution and embedded
in LX-112 epoxy resin (Ladd Research, Williston, VT, USA). Tissue
was prepared for light microscopy and electron microscopy as
described previously.2
The prevalence of global sclerosis was determined in the  50
light microscopic images using an equation that takes into account
the smaller diameter of sclerotic glomeruli, and the consequent
difference in the probability of encountering a glomerulus of either
type in a random cross-section.40,41 Fractional interstitial area and
glomerular volume were determined by light microscopy images.2
The mean number (±1 s.d.) of glomeruli available for determina-
tion of the tuft areas was 47±41 and 60±40 in younger and older
groups, respectively. Montages of three whole glomerular profiles
were prepared from the  3000 transmission electron microscopy
images for determination of filtration surface density (Sv) of the
peripheral glomerular capillary wall by line-intercept methods.
Filtration surface area provided by the peripheral capillary wall per
glomerulus (S) was calculated from the product of Sv and
glomerular volume;42 we used resin-embedded sections to circum-
vent the substantial glomerular shrinkage associated with paraffin
embedding.43
The assessment of hydraulic permeability (k) of the glomerular
capillary walls was performed at the ultrastructural level ( 12,000).
Dimensions of the podocyte layer that accounts for 50% resistance
to water flow included the width and the frequency of the filtration
slits, in which the latter is determined by counting the total number
of epithelial filtration slits and dividing it by the total length of the
peripheral glomerular capillary wall.40,41 The glomerular basement
membrane accounts for the remaining resistance to water flow,
and its thickness, an important determinant of k, was calculated
from the harmonic mean glomerular basement membrane thickness
as measured by the orthogonal intercept method.44 SNKf was then
calculated from the product of S and k using an ultrastructural-
hydrodynamic model of viscous flow as described by us
previously.40,41 Finally, we computed the NFG per kidney, where
NFG¼whole-kidney Kf/single-nephron Kf.
Because of assumptions used in the calculation of both whole-
kidney and SNKf values, the calculated value of NFG should be
regarded as an approximation only.
Statistical analysis
Results are reported as the mean±s.d. or, where distribution of
findings was non-Gaussian, as median and range. We used Student’s
t-test or the Wilcoxon test to assess the difference in the GFR and its
determinants among younger and older living donors. We used
linear regression analysis to examine possible relations among GFR
and its determinants on one hand, and age, on the other. We
conducted statistical analyses using SAS 9.2 (Cary, NC).
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